We present a general criterion for determining the dynamic instability of a thin polymer film that is strongly confined to a substrate. When such a polymer film is heated above its glass transition temperature, it dewets from the substrate by a spinodal dewetting scenario, in which the onset of the instability is governed by dispersion force and residual thermal stress. It turns out that the thermal stress plays an important role when there is a special interaction between a polymer and a substrate.
Thermal stability of thin films in the dewetting process has drawn much interest in recent years [1 -5] . Because of technological importance and a convenient experimental time scale, most experiments have been devoted to the instability of thin polymer films [6] [7] [8] [9] . In particular, a low molecular weight polymer (M w , 10 4 ) has frequently been used for its liquidlike behavior above the glass transition temperature [6, 7] . This liquidlike behavior of the polymer is well matched with the conventional capillary wave theory such that the cutoff wavelength and dynamic instability can successfully be explained [7] .
Recently, several experiments have been reported on the dewetting behavior of a high molecular weight polymer and metal films [8 -10] . In contrast to what is widely believed, the dewetting behavior is quite different from what is expected from conventional theory. The capillary wave theory predicts that the cutoff wavelength (l) is related to the film thickness (h) as l~h 2 [3] . Wang et al. [8] reported, however, that the power index is not 2 but rather ranges from 0.8 to 1 for high molecular weight polyvinyl-pyridine (PVP) and polystyrene (PS) (M W 9 3 10 4 ) thin films. As PVP and PS strongly react with SiO 2 and Si substrates, respectively, they attributed this anomalous behavior to solidlike or viscoelastic properties of the polymers. Tolan et al. [9] also reported that the power index is about 1.6 for high molecular weight polyethylene-propylene (M w 2.9 3 10 5 ) thin films. For the metal films, Bischof et al. [10] reported that the power index is as low as 1.3 with film thickness ranging from 25 to 50 nm, which is much smaller than the value predicted from the capillary wave model.
In general, the thermal stability of an initially stressed solid film is determined by the competition between elastic energy and surface energy. In this case, the elastic energy is the destabilizing factor, which facilitates the pattern formation, whereas the surface energy inhibits the surface roughening. Extensive studies have been devoted to clarifying the surface patterning of semiconductor or ceramic films [11] . As is well known, films should be rather stiff for the destabilizing elastic force to come into play.
On the other hand, an initially stress-free solid film is thermally stable unless there is a special interaction at the free surface caused by an external force such as an electrical field [12] . This is readily understood in that both elastic and surface energies contribute to the stabilization. In the case of a special interaction at the free surface, however, it was reported that instability sets in and the corresponding wavelength is always of the same order as the film thickness and scales linearly with it [13] .
In contrast to solid films, thermal stability of liquid films is well described by the destabilizing long-range van der Waals interaction (i.e., Hamaker constant is positive) and the stabilizing surface energy [3] . Unless there is a special interaction at the polymer-substrate interface, the polymer can be assumed to be a viscous liquid and the thermal stress accumulated by the temperature rise may easily be dissipated above the glass transition temperature (T g ). However, the thermal stress may not be annihilated if there is a strong interaction at the film-substrate interface. Wallace et al. [14] suggested that strongly confined thin polymer films consist of two layers ( Fig. 1 ) in systems such as PS on hydrogen-terminated Si and PVP on SiO 2 . Note in this regard that strong confinement means special interactions at the film-substrate interface. In this case, an ultrathin layer forms at the polymer-substrate interface, which shows no glass transition much above the bulk glass transition temperature. Furthermore, the average thermal expansion coefficient of the film is smaller than that of the bulk both below and above T g , which indicates strong confinement to a substrate. Ordinarily, the magnitude of thermal FIG. 1. Thin polymer film that is strongly confined to a substrate. Because of the strong confinement at the polymersubstrate interface, glassy and rubbery layers are present even above T g . stress drops by 3-4 orders in magnitude when a polymer film undergoes a glass-rubber transition, giving negligible thermal stress above T g . On the other hand, a confined thin layer modifies the overall film properties to a rather solidlike behavior, which helps maintain the stress. In particular, the built-in stress may not be easily dissipated if the entanglement effect takes hold (i.e., M w . 4 3 10 4 for PS) [15] and the movement is quite sluggish.
In this Letter, we present a general model that can explain the dynamic instability of thin polymer films. We propose that the thermal stress together with the dispersion force be included in the spinodal dewetting model to completely explain the dewetting behavior.
The system being considered is illustrated in Fig. 1 . We designate the lateral direction in which the spinodal wave propagates as x. The equation of motion for the lateral flow in a thin film can be written from the continuity equation as follows [16] :
where h͑x, t͒ is the local film thickness, C is the constant that is responsible for the shape of the flow profile and the viscosity of the film, and p͑x, t͒ is the film pressure.
Because of the strong interaction between the polymer repeat unit and the substrate surface, an ultrathin glassy layer forms at the interface. This can be understood as cross-linking of polymer chains close to a substrate where it inhibits the chains from attaining the entropy necessary to reach the melt state. Furthermore, chain connectivity could extend the influence of the interaction out several tens of nanometers from the surface [14] . The rubbery layer lies above the glassy layer, which is mobile above T g .
According to the elastic theory [11] , the local stress component tangential to the surface is responsible for the lateral flow of the film thickness. If we denote this term as s t ͑x͒, p͑x, t͒ is given by
where A is the Hamaker constant for the van der Waals interaction of the film with the surrounding media, and g and E are the surface tension and the Young's modulus of the film, respectively. Equation (2) is valid for initial perturbation, or ≠h͞≠x ø 1. When the surface is subjected to a plane stress loading s 0 , a linearized perturbation solution for the surface stress distribution gives [17] 
where´is 
from which the mode selection behavior is derived. It has been assumed that s 2 t has the same exponential growth rate as for h. As expected, the elastic term acts as a destabilizing factor in the dewetting, which effectively increases the growth rate, t 21 ͑q͒, compared with the stress-free film. For the wave number that grows the fastest, q max , we immediately obtain from Eq. 
To compare the relative magnitude of the dispersion term with the stress term, we define two reciprocal lengths, a 1 and a 2 :
2 0 2Eg .
Then the solution of Eq. (8) is
The thermal stress accumulated due to the temperature rise during annealing can be expressed as [18] 
where T 0 is the stress-free temperature, T is the temperature to which the film is heated, n is Poisson's ratio, and a s and a f are the thermal expansion coefficients of the substrate and the film, respectively. With the film consisting of glassy and rubbery layers as shown in Fig. 1 , the Young's modulus above T g can be written as
where E g and E r are Young's moduli for glassy and rubbery states, respectively, and h g is the thickness of the glassy layer, which should depend on the degree of confinement. The, Eq. (10) gives
where E eff is the effective Young's modulus that can explain the weak temperature dependence of E g . It is noted that E g ¿ E r . Two extreme cases are considered first for the mode selection dependence on the film thickness. In one extreme case of an initially stress-free film (s 0 0), a 2 is zero and q max is proportional to h 22 0 , the power index for the wavelength being 2. In the other extreme in which the stress term dominates over the dispersion term such that ͑a 2 ͞2a 2 ͒ ¿ 1, q max is equal to a 2 and becomes independent of the thickness. In this extreme case, the power index for the thickness dependence becomes zero. When both stress and dispersion forces come into play, therefore, the power index can range anywhere from 0 to 2. Figure 2 shows the effect of film thickness on q max for several values of ͑E 22 , q max ͞a 1 is about 1 throughout the thickness range, which is the result of the conventional capillary wave model. However, the value deviates from 1 as ͑E 2 eff ͞Ag͒ 1͞2 increases and this effect is more pronounced for thicker film. The effect of thermal stress is not restricted to the glassy polymer but can equally be applicable to the elastomer. In the case of elastomers such as polydimethylsiloxane, the Young's modulus is on the order of MPa [19] , which drastically decreases the value of ͑E of the elastomer is much larger (a f ϳ 10 24 ) [19] than that of the glassy polymer such that the overall behavior is maintained.
In a similar way, deviation from the capillary wave model can also be explained for metal films in dewetting experiments [10] . In this case, Young's modulus may sharply decrease at the phase transition, leading to a smaller value compared with the polymer. However, the fact that most dewetting experiments of metal films are carried out using rapid thermal processing implies that the residual thermal stress may not be completely annihilated during the melting [20] . Furthermore, the absolute value of the Young's modulus of metal is significantly larger than that of polymer by 3 orders of magnitude [18] , which is another possibility for elastic contribution to dewetting.
To visualize the effect of residual thermal stress on the mode selection, we determined the power index in the thickness range between 20 and 100 nm. We used typical parameter values for the glassy polymer: A 10 219 J [21] and g 10 22 J͞m 2 [21] . The slope shown in Fig. 3 is obtained from the regression that best fits the data points calculated from Eq. (9) . As shown in the figure, the power index is strongly dependent on the effective Young's modulus, especially around 10 9 Pa. Considering that the Young's modulus of a typical glassy polymer is on the order of 10 9 Pa, the behavior in Fig. 3 can readily be realized in experiments. On the other hand, the thermal stress becomes negligible for a low molecular weight polymer, for which the effective Young's modulus is much smaller than 10 8 Pa.
In summary, we present a general model that can explain the dynamic instability of thin polymer films under a highly confined state. The analysis shows that the thermal stress accumulated due to the temperature rise becomes pronounced when there is a special interaction and the molecular weight is high. Our results also clearly show that the power index can have a value lower than 2 depending on the relative magnitude of dispersion force and thermal stress.
